Introduction
Sulfur compounds have been studied due to their importance in chemistry, biology, and industrial fields. [1] [2] [3] [4] [5] However, there have been few studies on insoluble sulfide in sediments. In usual aquatic sediments, sulfur species are found to be as compounds with iron in sediments, 6 and exist in the shape of iron pyrite (FeS2) or mackinawite (FeS). 7 The formation of iron sulfide begins with the oxidation of the organic substance by sulfate-reducing bacteria. In the inner bay where eutrophication is advanced, the extinction of aerobic bacteria will begin to breed sulfate-reducing bacteria. The sulfate-reducing bacteria oxidize organic substances and produce sulfide ion. Iron sulfide starts to accumulate on sediments by the binding of sulfide ion and ferrous ion. 8 According to recent research, the reduction of oxygen by sulfide mineral (especially iron sulfide) produces anoxic sediments. [9] [10] [11] [12] The sulfate-reducing bacteria always breed in anoxic sediments, and reproduce iron sulfide under the inflow of organic substances. This is a vicious circle of anoxic water formation from which iron sulfide works as a key substance. The anoxic water causes remarkable damage to underwater plants and benthos and, finally, has a harmful influence on the whole ecosystem from sediments. Therefore, measurements of sulfide are important not only for a water survey, but also for identifying trace element in water area environments.
Usually, iron sulfide is quantified by analyzing acid volatile sulfides (AVS) as mobilizable sulfides. 13 Because metal ion exists as an insoluble sulfide as long as excess AVS exists, free metal ion has also been used as an indicator of a sediment quality.
14, 15 Rickard and Morse concluded that the use of AVS as a model about FeS should have been abandoned for some reasons, after reviewing the iron sulfide chemistry in sediments. 16, 17 Solid FeS is not always equivalent to AVS, and is rarely analyzed by the instrument in sediments. In sediments, routine analysis of both AVS and solid iron sulfide (FeSx(solid)) should be carried out.
Therefore, easy analytical method for the sulfide monitoring with good sensitivity, reproducibility, and precision should be used. According to a method known about the measurement of AVS in the sediment, the hydrogen sulfide that is acidified at high temperature and produced is precipitated through the solution of metal ion. 18 The final measurement is normally carried out by colorimetry, 19 and potentiometry by an ion-selective electrode, 20 or a chromatography system. 6 These methods are exact and sensitive concerning the measurement of AVS. However, they require much time and are troublesome. 21 Therefore, we need a method for easy and simultaneous analyses of AVS and FeSx(solid) in the same sediment sample by electroanalysis when possible.
Even if we can electrochemically analyze ferrous iron and sulfide compounds in an equilibrium condition, the amount of iron sulfide can not be estimated because it is a solid. However, we may be able to evaluate the amount of iron sulfide, if we can electrochemically analyze ferrous iron and sulfide compounds after the electrolysis of iron sulfide because the rate of the electrolysis depends on the amount of iron sulfide. This paper describes a new method for the measurement of FeS(solid) and FeS2(solid) in a suspension sample, using electrolytic oxidation and electrochemical analysis inside a twin electrode. After electrolytic oxidation, the usual electroanalyses, such as linear sweep voltammetry (LSV), were applied with the platinum-silver New electrochemical technique with a Pt-Ag twin electrode is proposed for the determining the contents of iron sulfides (FeS and FeS2) in a suspension. After electrolytic oxidation with a Pt electrode, Fe 2+ was measured by linear sweep voltammetry. From relations of the charge amount from the baseline to the peak in the voltammogram of Fe 2+ with the content of FeS or FeS2, linear calibration curves (a) and (b) were prepared, respectively. After measurements of Fe 2+ , Fe 2+ and S 0 were reduced with a Pt electrode to remove Fe 2+ and to produce S 2-. With an Ag electrode, Ag2S was deposited on Ag. A linear curve (c) was prepared from a relation between the charge amount of the Ag2S peak part and the FeS content. However, in the suspension of FeS2, Ag2S can not be detected. When this method is applied to a mixed suspension of FeS and FeS2, the content of FeS can be determined with curve (c), whereas curves (a) and (b) were not effective in the mixed suspension. twin electrode. FeSx(solid) was directly undetectable, but LSV can determine them easily after electrolytic oxidation. The proposed method needs only less reagents and procedures than other methods, and a quick scanning LSV is easily performed for sulfide. Although this research is not effective in a natural sample at present, it will probably provide basic knowledge for the methodology that will be realized in the future about measurements of AVS and FeSx(solid) in sediments.
Experimental

Sample preparation and apparatus
All of the reagents, except for iron disulfide (FeS2), were purchased from Nacalai Tesque, Inc. and used without further purification. The reagent FeS2 was purchased from Kishida Chem. Inc. All solutions were prepared using deionized water by a Milli-Q system (Millipore Corp.). Suspension samples were made by uniformly dispersing a FeS-FeS2 mixture powder into a disperse medium. The reagent of iron monosulfide (FeS) was crushed for 3 min before use; the disperse medium consisted of 0.5 mol L -1 sodium chloride (NaCl) and 0.4 mol L -1 polyvinylpyrrolidone (PVP) in an aqueous solution. Standard suspension samples used for the calibration of ferrous ion and sulfide ion were prepared by adding FeS and FeS2 to the disperse medium, respectively, with all analytical-grade chemical reagents. A conventional electrochemical cell was constructed with a platinum-silver (Pt-Ag) twin electrode as the working electrode, a saturated calomel electrode (SCE) as a reference electrode, and a platinum wire as an auxiliary electrode. The Pt-Ag twin-electrode was polished with alumina (0.03 μm) and washed with water. Before each process of electrochemical analysis, Pt and Ag electrodes were purged by an oxidation potential of 1.0 V and by a reduction potential of -1.2 V, respectively, in the 0.5 mol L -1 NaCl aqueous solution. Voltammetric measurements were carried out in an ALS CH Instruments Electrochemical Analyzer, Model 701C (Japan). All potentials were quoted against a SCE reference electrode. All experiments were conducted at room temperature (ca. 25 C).
Preparation of the twin electrode
The twin electrode consists of plates of Pt and Ag, as shown in Fig Since the clearance is opening at the upper and lower sides of two electrodes, when we immerse it gently from the bottom of the twin electrode into a suspension, the suspension is kept between the Pt electrode and the Ag electrode.
Methodology
In Fig. 2 e) The accumulation of silver sulfide at -0.4 V on an Ag electrode. In this process, the working electrode was switched from Pt to Ag. f) Charge measurement of silver sulfide by LSV from -0.4 to -1.2 V on an Ag electrode.
The scan rates were 10 mV s -1 for ferrous ion (process c) and 50 mV s -1 for silver sulfide (process f). The FeS and FeS2 suspensions were previously deaerated with argon gas for 15 min. We performed electrolytic oxidation by a twin electrode, so that the dissolved ferric ion and elementary sulfur were confined in a space between two working electrodes without diffusing to outside during the measurement process. A current-potential curve can be obtained in a linear sweep voltammogram. The software of the potentiostat gives the charge amount from the baseline to the peak of the curve in LSV.
The charge amount of the peak part is proportional to the total charge amount in coulometry. Therefore, the charge amount to the peak is proportional to the ferrous ion concentration or silver sulfide amount, because the total charge amount directly corresponds to total amount of the species in the space between the two electrodes. Because the diffusion coefficient of the species is not always the same after electrolytic oxidation at the various concentrations of the suspension, the peak current is not always proportional to the concentration of the species. Therefore, we chose the charge amount to the peak. The charge amount to the peak was the mean values of three repeated measurements. Calibration curves were prepared from relations between the peak charge and the standard concentration of FeS or FeS2 in the suspension. For comparison purposes, the amounts of FeS and FeS2 in the mixture suspension were also determined by the proposed method and examined by a comparison with the reference value (standard value). Before preparing the calibration curves, the reduction time for ferric ion (process b) and the deposition potential for silver sulfide (process f) were optimized. In process b, ferric ion was reduced into ferrous ion at 0.3 V (vs. SCE) for 120 s on the Pt electrode, because ferric ion might precipitate as hydroxide when the potential was set at 0.7 V. In process d, ferrous ion was removed by deposition on a Pt electrode, and sulfide ion was produced by a reduction of the elementary sulfur. In process f, silver sulfide was deposited at 0.4 V on an Ag electrode. The suspension sample (70 mL) was transferred to the voltammetric cell and analyzed by LSV for processes c and f.
Results and Discussion
Mechanism of the electrolytic oxidation of iron sulfides
Iron sulfides can not be electrolyzed and analyzed directly on the electrode surface, since they are insoluble in water. However, iron sulfides can be easily oxidized by hydrogen peroxide, which is generated from the oxidization of water on the platinum electrode. The processes can be described as Eqs. (1) and (2):
We confirmed that FeS and FeS2 were oxidized in an acidic aqueous solution of hydrogen peroxide to give elementary sulfur as a yellow precipitation. In this Eq. (1), species Sx 0 from FeS are different from those from FeS2. Elementary sulfur has many kinds of forms, like S, S2, S3 etc. (S8 is known to be the most stable form). Therefore, species S 0 and S2 0 are probably produced by the electrolytic oxidation of FeS and FeS2, respectively. The formal potential is 1.08 V (vs. SCE) at pH 7 for generating hydrogen peroxide from the oxidation of water: H2O2 + 2H + + 2e - 2H2O, E0′ = 1.08 V (vs. SCE). (2) Figure 3 shows cyclic voltammograms of ferrous ion and silver sulfide by a Pt-Ag twin-electrode in an iron sulfides suspension according to the processes shown in Fig. 2 . The trace of electrochemically active species in the suspension was not observed by cyclic voltammetry without electrolytic oxidation. However, we observed distinct responses of ferrous ion and silver sulfide after applying a potential of 1.3 V (vs. SCE) to the Pt working electrode. On the Pt electrode, during the negative sweep, a well-defined oxidation wave of ferrous ion was observed at ca. 0.5 V vs. SCE (Figs. 3a and 3c) after the electrolytic oxidation of FeS and FeS2. On an Ag electrode, during the negative sweep, a well-defined reduction wave of silver sulfide was observed at -0.8 V vs. SCE (Fig. 3b) after the electrolytic oxidation of FeS. However, for FeS2, silver sulfide after the processes shown in Fig. 2 can not be observed by this detection (Fig. 3d) . This means that S2 0 was produced by the electrolytic oxidation of FeS2, and was not reduced at process d (Pt, -1.1 V). Therefore, the measurement of silver sulfide corresponds to an analysis of only FeS.
The dependencies of generated ferrous ion and silver sulfide on the oxidation potential were obtained in 0.1 wt% iron sulfide suspensions, as shown in Fig. 4 , where Ah represents the charge amount from the baseline to the peak in LSV. For ferrous ion the charge amount to the peak increases with the oxidation potential from 1.0 to 2.0 V. For silver sulfide the charge amount to the peak part increases with the oxidation potential from 1.0 to 1.4 V. This is due to the fact that hydrogen peroxide begins to produce at the vicinity of 1 V, so that iron sulfides are oxidized, and ferric ion and elementary sulfur are generated.
Credible measured values are not provided at potentials higher than 2.0 V for ferrous ion owing to the generation of oxygen gas on the Pt electrode. For silver sulfide, reliable data are not obtained at potentials higher than 1.4 V due to the deposition of silver chloride caused on the Ag electrode because of the generation of HClO on the Pt electrode. Therefore, the potential is decided at 1.3 V to perform the electrolytic oxidation of iron sulfides. The charge amounts of the ferrous ion peak and silver sulfide peak in LSV increase with the electrolytic oxidation time, and reach saturation within 60 s at an oxidation potential of 1.3 V. The oxidation rate associates with the parameters of the electrode area A (4 cm 2 ) and the distance L (800 μm) between the two electrodes. On the condition of the preset parameters, such as the given potential and time in electrolytic oxidation (Fig. 2) , the oxidation rate is only dependent on the amount of iron sulfides in the suspension.
The mechanism of ferrous ion and silver sulfide analysis
After electrolytic oxidation, generated ferric ion is dissolved in the suspension and reduced to ferrous ion at 0.3 V, which presents a well-defined oxidation peak at ca. 0.5 V in the anodic scan (Figs. 3a and 3c ). An analysis of this figure shows that ferrous ion is oxidized to ferric ion in the voltammetric process by the transfer of one electrode, which generates a measurable current. After the measurement of ferrous ion, ferric ion remains between the twin electrodes in the suspension. When we apply LSV to determine the amount of silver sulfide on the Ag electrode, iron is also deposited on the electrode surface at a negative scan. In this case, because the iron deposition peak will cover the silver sulfide peak, we could not obtain the charge amount to the peak of silver sulfide (Fig. 5a) . To eliminate the reduction current of the ferric ion in the determination of silver sulfide, ferric iron was reduced to iron at -1.1 V to be deposited as iron on the Pt electrode. When the depositing process was performed at the Pt electrode, we could observe a well-defined silver sulfide peak in the voltammogram at the Ag electrode (Fig. 5b) . Elementary sulfur is also reduced to sulfide ion in a suspension at this potential.
The processes can be described as follows: Fe 3+ + e - Fe 2+ ,
The sulfide behavior mechanism on the silver electrode surface can be explained by
Optimization of LSVs for ferrous ion and silver sulfide analysis
Before the application of voltammetric measurements in ferrous ion and silver sulfide analysis, we evaluated the effect of the accumulation time for ferrous ion (process b) and the effect of the accumulation time and potential for silver sulfide in suspensions (process e).
The effect of the deposition potential on the charge amount of the silver sulfide stripping peak was obtained for 0.1 wt% iron monosulfide suspensions. As shown in Fig. 6 , silver sulfide was produced on the Ag electrode surface at a potential of more than -0.7 V because a stripping peak appeared at ca. -0.8 V. The largest charge of the silver sulfide peak was observed with Edep = -0.4 V.
Further, the charge amounts of the ferrous ion peak and silver sulfide peak depends linearly on the accumulation time (time of processes b and e in Fig. 2, respectively) , within the interval of 0 -120 s for ferrous ion (slope, 0.0054 mC s -1 ; r, 0.9887; N, 6) and for silver sulfide (slope, 0.0078 mC s -1 ; r, 0.9645; N, 6). The linear dependences indicate that the redox reactions do not finish within 120 s. Therefore, within the concentration range 0.01 -0.4 wt% of iron sulfides, an accumulation time of 120 s is applied to ferrous ion and silver sulfide.
In conclusion, LSV under the following conditions for the time and potential of accumulation can be used for the determination of ferrous ion and silver sulfide with good quality: the deposition potential of silver sulfide is -0.4 V; the accumulation time of ferrous ion and silver sulfide is 120 s.
Calibrations of the method
After optimization of the experimental conditions, the calibration curves were obtained using FeS and (Figs. 7a -7c) . However, the silver sulfide can not be detected in FeS2 samples because S2 0 probably generates after the electrolytic oxidation of FeS2, and is not reduced into S 2-at -1.1 V. The regression analysis data were calculated for ferrous ion and silver sulfide, as shown in the following equations:
Ah/(10 -3 C) = -0.0349 + 22.394 × weight% of FeS, (Fig. 7a) Ah/(10 -3 C) = 0.3883 + 5.2698 × weight% of FeS2, (Fig. 7b) Ah/(10 -3 C) = -0.5548 + 18.695 × weight% of FeS, (Fig. 7c) where Ah represents the charge amount (C) from the baseline to the peak for the current-potential curve of LSV, and weight% represents the concentration of FeS or FeS2 in the suspension (wt%). The limit of detection (3σ) was 0.01 wt%. The precision of the developed method was verified from the repeatability of 5 determinations of 0.01 wt% for all FeS and FeS2 suspensions, and the relative standard deviations (RSD%) were 2.68, 1.84 Fig. 6 Effect of the deposition potential on the charge of the silver sulfide stripping peak in 0.1 wt% FeS suspensions. Ah represents the charge amount from the baseline to the peak in LSV. 
Analysis of mixture suspension samples
Using the described procedure, mixture suspension samples were analyzed. Various amounts of FeS and FeS2 with a total content of 0.45 wt% were added to the disperse medium to make the mixture suspension samples. The LSV technique was used to determine the ferrous ion and sulfide ion generated from three mixture suspension systems. The responses for ferrous ion and silver sulfide were found in the mixture samples after the samples oxidized on a Pt electrode. The FeS and FeS2 contents were estimated by the charge amounts of ferrous ion and silver sulfide in LSV, applying the calibration curves. The FeS contents in the three systems of mixture suspension samples are in a good agreement with the result in the reference curve, as shown in Fig. 8 . This indicates that the measured silver sulfide only originates from the FeS samples, and the existence of FeS2 has no influence on the measurement of FeS. Additionally, it indicates that the proposed method is effective and the calibration curve of silver sulfide from Fig. 7c is reliable in the determination of FeS in mixed suspension samples.
Conclusions
This is the first investigation of solid iron sulfides in suspensions using a platinum-silver twin-electrode after applying electrolytic oxidation. The proposed methodology provides a very sensitive determination of solid iron sulfides, which allows quantitative determinations of FeS and FeS2 in suspensions, respectively. According to cyclic voltammetry, we found that insoluble iron sulfides were transformed into soluble ferric ion and elementary sulfur after electrolytic oxidation in a twin electrode. The elementary sulfur reduced to sulfide ion, which reacted with silver to give silver sulfide on the Ag electrode. The analysis of ferric ion and silver sulfide provided a possibility to determine the solid iron sulfides concentration under the suspension condition using LSV. The effects of the oxidation potential and the oxidation time on the analysis of ferrous ion and silver sulfide were studied, and the experimental conditions of voltammetry were also optimized. Voltammetry measurements show three linear relationships between the contents of FeS or FeS2, and the concentrations of ferrous ion or the amount of silver sulfide. Furthermore, the determination of the FeS content in mixture suspension samples by the proposed technique agree well with the reference value.
